Sampling design is critical in locating ground sampling stations for large-scale climatological field experiments. In the stratified sampling design adopted for the First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE), the study region was stratified into 14 different terrain units based on land use/land cover and topographic variables that were hypothesized to have a strong influence on surface biophysical properties. Digital terrain maps were produced to facilitate ground data integration and extrapolation. This paper describes the biophysical stratification of the FIFE site, implementation of the stratification using geographic information system (GIS) techniques, and validation of the stratification with respect to field measurements of biomass, soil moisture, Bowen ratio (/3), and the greenness vegetation index (GVI) derived from thematic mapper satellite data. Maps of burning and topographic position were significantly associated with variation in biomass, GVI, and /3. The effects of burning and topography were stronger for the Konza Prairie Long-Term Ecological Research (KPLTER) site than for the rest of the FIFE site, where cattle grazing was a major confounding effect. The stratified design did not appreciably change the estimated site-wide means for surface climate parameters but accounted for between 25 and 45% of the sample variance depending on the variable. The design was weakened by undersampling of several strata, by high within-station variance in soil and vegetation data, and by failure to account for diverse land management practices on private lands surrounding KPLTER. We recommend that future large-scale climatological studies include the development of a digital terrain data base well in advance of field campaigns and that multitemporal imagery be used to obtain preliminary estimates of spatial and temporal variance in surface biophysical properties. We also recommend that sampling for the most heterogeneous biophysical variables be conducted in the framework of a multistage estimation scheme incorporating remotely sensed data. Although this means that ground-based estimation of regional fluxes cannot be made independent of aircraft or satellite data, it may well be the only means of obtaining reliable estimates of these variables over large areas.
INTRODUCTION
The study of interactions between land surfaces and the atmosphere requires the extrapolation of field measurements of surface biophysical variables, such as soil moisture and evapotranspiration, over large regions appropriate for characterizing the atmospheric boundary layer. Small sample size and high spatial variation usually combine to produce great uncertainty in estimated regional means for these variables. Given limited budgets and access, sampling design is critical in reducing the uncertainty of using ground-based estimates to estimate regional fluxes and biophysical conditions.
Stratified sampling has long been advocated to ensure sampling of rare but significant classes and to reduce the number of samples required to estimate parameters with specified confidence [Cochran, 1963] ]. Stratification of land surfaces for climatological studies requires classification of the terrain into surface strata that are relatively uniform in terms of surface fluxes of energy and matter. It is important that these strata can be mapped at a scale appropriate for the investigation, that the number of strat• be relatively small compared to the sample size, and that samples be distributed among strata proportional to their size and variability. However, land surfaces are rarely stratified with explicit reference to surface biophysical conditions, and stratification schemes for sampling surface climate variables are generally not known.
The First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE) is a large multidisciplinary study designed to test the use of satellite remote sensing for measuring climatically important land surface properties such as albedo, evapotranspiration, and boundary layer resistance [Sellers et al., 1988a] . Satellite and ground data were collected for FIFE over the Konza Prairie Long-Term Ecological Research (KPLTER) site and adjacent grazing lands near Manhattan, Kansas, during the 1987 and 1989 growing seasons. Ground measurements of surface climate parameters such as leaf area, bion .•:ss, and soil moisture were averaged to obtain site-wide estimates of these parameters. In designing the experiment, FIFE investigators recognized that variations in soils, topography, and vegetation across the site could lead to large sample variance among ground measurements. To reduce this sample variance, the FIFE site was stratified into different terrain units based on hypothesized surface controls over biophysical processes. Instruments were allocated to terrain strata based on the preliminary stratification, and a geographic information system (GIS) was used to produce and store a digital map of sampling strata to facilitate ground data integration. This paper describes the FIFE site biophysical stratification, its implementation using GIS techniques, and its validation using remote sensing and ground measurements. We assess the effectiveness of the stratification with respect to measurements of biomass, soil moisture, Bowen ratio, and satellite-derived vegetation index data. We conclude by discussing the potentials and limitations of GIS-based integration of ground data in large-scale field experiments, including alternative strategies for environmental classification and site stratification. [Sellers et al., 1988a] . During each IFC, ground measurements of surface climate and biophysical variables, including air temperature, humidity, wind speed, net radiation, precipitation, soil moisture, vegetation composition, green and dead leaf area and canopy height, green and dead phytomass, and litter depth, were acquired at approximately 30 stations distributed across the FIFE site (the exact number of sampling locations varied depending on the date and on the parameter).
In designing the experiment, FIFE investigators familiar with the site hypothesized that many of the surface variables would vary systematically with topography (uplands, slopes, bottomlands) and land management (wooded, cropland, prairie burning, and grazing regimes). A stratified sampling scheme was designed to account for these variations. Because a biophysically oriented landscape classification was not available, we developed an a priori stratification based on our best understanding of the factors causing variation in surface heat flux and water exchanges within the tallgrass landscape. In particular, topography and fire management were identified as the two principal biophysical controls at the FIFE site that could be readily mapped. Grazing was considered to be at least as important but more difficult to map (see below). The final site stratification consisted of 14 different strata, including burned and unburned prairie on different topographic positions, cropland, and wooded areas ( Table 1) . The proportions of the site that each stratum occupied was estimated both prior to data collection based on visual estimates in the field and also subsequent to data collection using digital maps that we compiled for the site. Prior to the experiment we recognized that it was not feasible to sample all 14 strata, but we attempted to allocate at least two measurement stations to each of the most widespread strata. The frequency distribution of topographic classes was estimated based on analysis of the U.S. Geological Survey 30-m digital elevation model (DEM) for the Swede Creek quadrangle. A map of management treatments was available for the KPLTER site, but land management elsewhere could only be crudely predicted. For example, we assumed that all prairie off the KPLTER site would be burned in 1987.
The dominant class present at the FIFE site was predicted to be burned moderate slopes. In allocating samples to strata, a disproportionate number of stations were located in broad level uplands and relatively few samples were located on short steep slopes because of the desire to collect micrometeorological data in extensive homogeneous terrain. Forested areas were not sampled, although one station was located on a slope supporting 40-60% cover by the shrub, Rhus copallina. Sampling stations were located during several days of field reconnaissance in spring 1987 using a systematic unaligned layout to disperse samples across the site. To assist with the integration of ground data collected over the site, we compiled digital maps of terrain variables that were used to stratify the site and overlaid them in a GIS to map the 14 sampling strata, as described below.
GEOGRAPHIC INFORMATION SYSTEM (GIS) BASED IMPLEMENTATION OF THE SITE STRATIFICATION
A raster (that is, grid based) GIS for the FIFE site was compiled from existing maps, aerial photography, and field observations. All maps were coregistered at a 30-m ground spatial resolution, using the universal transverse mercator (UTM) projection. Terrain variables mapped at the FIFE study area are summarized in Table 2. elevation, and runoff source area (Figure 2a) . "Uplands" were defined as areas with slopes less than 3 ø and above 420 m in elevation or with drainage basins of less than 1800 m 2.
"Bottomlands" were defined as areas with slopes less than 3 ø and with drainage basins greater than 4500 m 2. Moderate slopes were defined as having slope angles of greater than 3 ø and less than 7 ø . Slopes greater than 7 ø were classified as steep. Steep hillslopes were further subdivided as north, south, or east or west facing (Table 1) . Elevation and runoff source area were not considered in classifying sample locations in the field but were important in obtaining reasonable maps of hillslope classes using the digital elevation data. Elevation and drainage thresholds were determined by examining the distribution of classes on a video monitor and iteratively adjusting the thresholds until reasonable class 
Land Management
Cropland and prairie burning were mapped using aerial photographs acquired May 31, 1987 (Figures 2c and 2d) . Cultivated bottomlands and 1987 burning patterns were mapped on the photographs and the information was transferred to 7.5-min topographic maps using a Bausch and Lomb zoom transfer scope. The areas were digitized and coregistered to other 30-m maps using Earth Resources Data Analysis System (ERDAS) software.
Topography
The U.S. Army Corps of Engineers produced a DEM with 10-m horizontal resolution for FIFE by digitizing contour lines on portions of four U.S. Geological Survey 7.5-min topographic quadrangles (Swede Creek, Warnego SW, Volland, White City NE) and by interpolating to a grid using an iterative method of bilinear interpolation. We resampled the DEM to 30 m by local averaging to smooth high-frequency errors introduced by the digitizing process and to coregister the data with 30-m thematic mapper (TM) data. Slope and exposure were calculated by taking local derivatives of elevation in the x and y direction. Runoff source area was also calculated for each grid point using the method for drainage basin delineation described by Marks et al. [1984] .
Land surfaces were subdivided into three hillslope positions and four slope classes based on digital maps of slope, 
Final Classification
The final site stratification included 14 terrain and land use classes ( Table 1 ). The map of the stratification was produced by overlaying maps of topographic classes, woody plant cover, and land management (Figure 3) . In 1987 the proportion of the FIFE site in each stratum was significantly different than was predicted at the outset of the experiment. Less of the site was burned in 1987 than expected (43 versus 73%). Wooded areas occupied 7% of the site and included closed forests as well as shrublands invading unburned prairie. Riparian areas were not sampled. Forests were not sampled, but one sample station was located in shrubland on an unburned, north-facing slope of KPLTER. Agricultural areas covered 8%, mostly in bottomlands. In general, the final allocation of stations to strata was more proportional to observed than to initially estimated stratum sizes.
Map Accuracy and Bias
There are many ways in which errors are introduced into digital spatial data bases [Burrough, 1986] . Those affecting the FIFE data set include positional and thematic errors in the topographic maps, photointerpretation errors in the land management maps, misclassification of digital satellite data, digitizing errors (digital contour data and land management data), and errors in geometric rectification (all variables). Because these errors will contribute to uncertainty in integrated estimates of surface climate parameters based on the site stratification using ground measurements, it is important to document their potential magnitude and bias. We assessed the accuracy of the digital terrain maps compiled for the FIFE site by comparing mapped information with data collected during site visits in 1987 and 1989.
Topographic data were compared to field surveys of four by the DEM appears to be adequate for representing surface elevation. However, the local differencing operations used to derive slope and exposure amplify the errors in elevation data. Fortunately, use of slope and aspect categories reduces the impact of these errors. Thus the digital topographic class agreed with the field classification at 22 of 26 (84.6%) ground stations, and disagreements were generally due to the application of different criteria to classify a location using digital data than those applied in the field. For example, hillslope position in the field was determined based on somewhat approximate criteria such as downslope distance, whereas in the digital classification, hillslope position was determined using the more formal criteria discussed above.
The accuracy of land use and land cover maps proved to be high. Woody vegetation was mapped correctly at 47 of 51 (92.1%) random locations visited in August 1989. The map of prairie burning was correct for 27 of 29 (93.1%) stations. The accuracy of the cropland map was not tested statistically, because cropland was readily discriminated from the air photos (mapped accuracy is likely • 90%). Based on overlay of the digital map with Landsat TM data, the classification and registration of cropland appear very good.
Error rates in the original maps are compounded in the site stratification map produced by map overlay. We did not collect a sufficiently large ground sample to quantify the accuracy of the 12 grassland categories. However, sufficient 
EVALUATION OF THE SITE STRATIFICATION

Methods
The FIFE site stratification was developed to increase sample efficiency. Here we consider the effectiveness of the site stratification for reducing sampling error in groundbased estimates of soil moisture, total aboveground biomass, and Bowen ratio. These three variables represent important biophysical parameters that exhibit especially high levels of local variability. We also test the stratification with the greenness vegetation index (GVI) derived from TM satellite data. For each variable we analyzed 1987 data collected on or around June 5, July 10, and August 15. For soil moisture we also included data from June 25, July 29, and August 29. In this paper we concentrate on the August 15 data; the multidate analyses will be presented in detail elsewhere.
A total of 32 sampling stations were distributed across the FIFE site (Table 1) . Depending on the variable, however, data were collected for only a subset of these stations. Soil moisture was monitored at 20 of 32 sampling stations using both neutron probe and gravimetric techniques. Five gravimetric samples were collected at each station, oven dried, and then reweighed to determine soil moisture content. We analyzed station averages of gravimetric soil moisture at 25 mm depth.
Both live and dead aboveground biomass were sampled during each 1987 IFC at 29 ground stations. Samples were clipped at five randomly located 0.1 m x 0.1 m quadrats dispersed around each station. These samples were weighed fresh and then oven dried for at least 5 days prior to reweighing. We analyzed average total dry biomass at each site, including grass and nongrass species.
The Bowen ratio was estimated at 17-21 stations, either directly or by ratios of fluxes estimated using the eddy Standard analysis of variance (ANOVA) techniques were used to test the significance of the variance reductions produced by four different site stratifications of increasing complexity: (1) a two-class stratification based on burning; (2) a three-class stratification into hillslope positions (bottomland, slopes, upland); (3) a six-class stratification based on two burning classes and three hillslope positions; and (4) the 14-class stratification developed at the outset of the experiment (surface climate variables were sampled at 10 to 12 classes during the experiment). The significance of the stratifications was tested using a one-way ANOVA layout. The significance of interaction between burning and hillslope position was tested using a two-way layout, in which cells were weighted proportional to the area of the FIFE site covered by that treatment class. We calculated the areaweighted mean as where P i is the proportion of the FIFE site that stratum i occupies and n i is the number of observations in stratum i.
In the analyses of variance reported here, ground stations have been assigned to terrain classes based on the digital maps, rather than on the class assignments made in the field. As noted in section 4, the main difference between the field and the digital classifications was in the assignment of stations to hillslope positions. Although we repeated the analyses using the field classification of stations, we only report results from the digital classification, based on the premise that digital classes must be used for site-wide extrapolations.
Results
Rank differences among strata in soil moisture (0), biomass, GVI, and Bowen ratio on August 15, 1987, were similar to those observed throughout the growing season. For brevity, only data from August 15 are shown in Table 3 . On average, 0 and GVI exhibited low variability (standard deviations), whereas biomass and Bowen ratio varied considerably among the sampling stations (Table 3 ). The combined effects of grazing and burning treatment are presumed to have produced high local variability in biomass and by extension account for the differences between variability in GVI versus total biomass (GVI being integrated over a much larger area than total biomass measurements). Soil moisture variation was unusually small in 1987 owing to aboveaverage precipitation. Also, most of the variation occurred among soil samples at a single station and thus did not contribute in the pooled estimates of standard deviation shown in Table 3 .
In comparing burned versus unburned sites, it should be kept in mind that burning occurred in the late spring. Consequently, differences between burned versus unburned sites are more pronounced directly after burning. Unburned stations had greater total biomass, similar GVI, and higher Bowen ratios than burned areas (Table 3) The systematic difference in covariance of biophysical data and terrain characteristics on and off the KPLTER site is most apparent in GVI data. Figure 5 shows August 15 GVI values for a random sample of 3000 pixels within the FIFE site that were jointly classified by location and burning treatment. On the KPLTER site, GVI was significantly higher on burned areas. Off the KPLTER site, GVI was generally lower and did not differ between burned and unburned sites.
Mean biomass was generally highest on slopes and lowest in bottom land stations, although sample variance was large (Table 3) . This result, which was obtained for June, July, and August data, contrasted with detailed transect studies by Schimel et al. [1991] and Kittel et al. [1990] . The result differed from the pattern obtained when stations were classified into hillslope positions in the field, based on distance downslope, in which case average biomass was greatest in the bottomlands and lower on the slopes. Thus the problem is partly one of how hillslope position is defined. Average Bowen ratio was also highest on slopes and lowest in bottomlands, primarily because of differences in sensible heat flux. GVI, which is highly correlated with green biomass [Weiser et al., 1986] , was also highest on slopes and lowest in bottomlands, based on the digital classification, and highest in bottomlands based on the field classification of sites, although the differences were not significant. Furthermore, there is evidence that the station GVI data are not representative of the site as a whole. Based on a joint random sample of 3000 TM pixels and the digital site classification, bottomlands were greener than slopes and uplands, a pattern consistent with the transect studies showing higher biomass at lower hillslope positions (Figure 6 ). The differences were much greater on the KPLTER site, again probably owing to the confounding influence of grazing in surrounding areas. Kittel et al. [1990] found that grazing disrupted the relationship between hillslope position and biomass seen in ungrazed watersheds.
There was little evidence of interaction between hillslope position and burning, except for the Bowen ratio, which showed the largest differences between burned and unburned slopes (Table 3) . Low sample sizes in most of the original 14 strata make it difficult to evaluate the effects of other terrain variables such as slope angle and aspect (Table  3 ). The station located in dense shrub cover and classified as wooded in the digital classification was classified as unburned bottomland in the simpler stratifications and proved to be an outlier in terms of biomass, GVI, and Bowen ratio (Table 3) . Other studies have shown some differences between stations on slopes with different aspects in terms of net radiation, soil heat flux, and latent heat flux [e.g., Nie and Kanemasu, 1990; Fritschen and Qian, 1990] . However, the differences were relatively small [Fritschen and Qian, 1990] , and sample sizes were not adequate to test their significance.
Area-weighted means and the variances of the means for soil moisture, biomass, Bowen ratio, and GVI on August 15 did not vary much as a function of the stratification scheme (Table 4) Based on one-way analysis of variance, all stratifications reduced the total sample variance, but the reduction was significant at the 5% level only for biomass using the two-class stratification into burned and unburned prairie ( Table 5) . As indicated by F probabilities, site stratification made simply on the basis of burning or by hillslope position was more effective than the original 14-class stratification for all variables except Bowen ratio. This is mainly owing to undersampling of the strata, including several strata that were represented by a single observation. To test the stratification using a larger data set, we repeated the analysis of ground data after tripling the sample size by including data from the June and July IFCs. To make the data comparable between dates, we first subtracted the site-wide means for each variable for each date. Also, we combined Bowen ratio data for 1315 and 1715 (LT) after subtracting the mean for each time. Whereas some correlation did exist between observations at different dates and times, deviations from stratum means (residuals from ANOVAs) were uncorrelated. Variance reductions achieved by the different stratifications were comparable to those for August 15 but were highly significant owing to the larger sample sizes (Table 5 ). Stratification by burning was not effective for soil moisture or GVI. This is partly because areas were burned at different times in the late spring, so that the effect of high variance associated with burning was mixed in the early growing season. Stratifications by hillslope position, burning and hillslope position, or burning, hillslope position, slope angle, and aspect all reduced sample variance significantly for soil moisture, biomass, and GVI (Table 5) . Variance reductions for Bowen ratio were significant for all stratifications. Despite the large variance reduction by the six-class stratification, interactions between slope position and burn treatment were not significant at the 0.05 level and were not readily interpretable.
DISCUSSION
Correspondence of Surface Climate and Terrain Variables
As noted by Rowe and Sheard [1981] , a land classification is a prediction about the nature of spatial variation in a landscape, one that should be based on explicit scientific theory and should be empirically testable. In practice, land stratifications are rarely based on explicit theory and almost Based on previous studies, we hypothesized that burning pattern would account for much of the spatial variation in all surface climate variables. However, prairie burning was significantly associated only with total biomass in August and with multidate variation in Bowen ratio and soil moisture (Tables 3 and 5 ). In ungrazed areas of the KPLTER site, burning was strongly associated with lower soil moisture, higher GVI and higher Bowen ratio over the growing season. This relationship was weaker for lands outside the KPLTER site owing to the complicating effect of cattle grazing, and the stratification was considerably more effective for the KPLTER site than for the FIFE site as a whole ]. Unfortunately, the KPLTER site occupies less than 14% of the FIFE site, so accounting for this systematic difference of KPLTER site stations will have only a small effect on area-weighted means and variances.
With the exception of biomass, surface biophysical variables showed stronger association with hillslope position than with burning. In general, station values for biomass and GVI were highest on the slopes and lowest in bottomlands. This result depended strongly on the criteria used to define bottomland and based on the large sample of GVI data was not representative of the site. As with burning, topographic variation in surface climate variables was more strongly expressed on the KPLTER site, again suggesting that grazing and other land management practices across the remainder of the site were the predominant controls.
In summary, field data support the hypothesis that fire and topography exert significant controls on surface climate variables in the tallgrass prairie ecosystem. However, their effects are not strong and are inconsistent over the FIFE site. Large spatial variation at scales of meters (within a station) and hundreds of meters to kilometers (between stations) is also contributed by several other variables: grazing, soil depth and texture , and vegetation composition. Even the relatively dense sampling effort in FIFE was not sufficient to test the interacting effects of such a large number of variables.
Sampling Design for Large Climatological Experiments
The FIFE site was selected in part for its relatively uniform topography and land cover. Nevertheless, there was large sample variance associated with ground estimates of regional biomass and Bowen ratio. Station estimates for biomass exhibited standard deviations and means of approximately equal magnitude. Since sampling locations did not include densely wooded sites or planted cropland, which collectively cover over 15% of the region, obtaining a true regional estimate for biomass would be even more challenging. Much of the variance in biomass was among samples collected at individual stations, and future studies of this variable probably need to allocate many more samples per station. A multistage sampling framework combining satellite data, air photos, and nested ground plots should also be considered for future experiments [Brewer and Hanif, 1983] .
Because instantaneous Bowen ratio is spatially integrated over a larger area, one would expect it to vary less than biomass. Nevertheless, Bowen ratio samples had standard deviations that were 50-100% of the mean within different terrain strata. Much of this variance was caused by measurement error due to uncertainty in calculating this quantity and perhaps to differences between estimates based on Bowen ratio versus eddy correlation methods. (Investigators estimated that individual flux estimates were accurate only to + 15 to 20% or +30 W m -2 whichever was greater [Sellers et al., 1988b] .) Given such a large measurement error, it is encouraging that some association with digital terrain variables was observed.
As stated in section 1, we consider the large sampling errors in estimating ground fluxes to be one of the major challenges in conducting large ISLSCP-type field experiments, as well as nearly all other applications of satellite data for biophysical modeling over large regions (also see Curran and Hay [1986] and Curran and Williamson [1986] ). The sampling design in FIFE was of limited success in reducing the variance of ground data. Despite significant correspondence between digital terrain data and surface climate parameters, stratification by important terrain variables such as burning and/or hillslope position did not appreciably change the estimated site-wide means for surface climate parameters and accounted for between 25 to 45% of the sample variance (Table 5) , depending on the variable. Inadequate sample size and uneven allocation of stations to strata reduced the effectiveness of the stratification. Furthermore, there is indication from the GVI data that the station data may not be representative of average conditions over the site with respect to the topographic strata. Given this uncertainty, we advocate that only location (on the KPLTER site versus off the KPLTER site) and burning treatment be used to stratify the site for data integration. This will reduce sample variance appreciably for estimating biomass and Bowen ratio. Stratifying by burning treatment should also improve the calibration of satellite data for estimating biophysical parameters such as leaf area index, biomass, and fluxes of sensible and latent heat [Weiser et al., 1986 ].
There are several lessons from FIFE that can be used to guide sampling design in future ISLSCP experiments. Perhaps most importantly, a digital data base of relevant terrain variables needs to be compiled well in advance of field sampling. Where topography is significant, we recommend that an accurate, high-resolution (5-15 m) digital elevation model be part of the data base. In areas for which appropriate land classification systems do not exist, it may be possible to develop such systems by applying predictive classification methods to multitemporal satellite imagery and digital terrain data [e.g., Davis and Dozier, 1990; . Finally, for surface climate variables such as soil moisture, biomass, and sensible and latent heat fluxes that can exhibit a large amount of high-frequency (within station) variability, we would advocate that within-station sampling efforts be increased at the expense of more station locations (this strategy was adopted in FIFE during the 1989 field campaign) and that this sampling be conducted in the framework of a multistage, variable probability estimation scheme incorporating remotely sensed data. Although this implies that ground-based estimation of regional fluxes cannot be made independent of aircraft or satellite data, it is probably the only practical means of reliably estimating these variables over large areas.
